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Energy dissipation during penetration is an important consideration in materials
selection for lightweight armoring to protect against hypervelocity impacts (HVIs).
Impact-induced glass transition in polymeric materials has been observed to increase
energy dissipation during penetration. Incorporating unconventional armor materials like
polymers could improve performance in these types of applications. A series of HVIs was
performed, with impact velocities over the range of 2-7 km/s, on samples of ultra-high
molecular weight polyethylene and poly(methyl methacrylate). A relationship between
back face debris cloud velocity and impact velocity was developed for each material.
Damage zone sizes were compared, offering insights into the effects of molecular
architecture on stress delocalization and energy dissipation during hypervelocity
perforation. Thermal analysis of the two material systems provides quasi-static glass
transition temperatures, as well as melting and crystallization temperatures. The apparent
failure mechanisms, in conjunction with thermal analysis, were used to explain the
relative performance of each material.
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CHAPTER I
INTRODUCTION
Military and space applications can place extreme demands on structural
materials. Using conventional armoring methods to protect sensitive structures and cargo
from the blast and impact loading common in these environments can be cost prohibitive
and otherwise not feasible. Reducing the weight and volume of the structural elements
that provide the necessary protection can equate to reductions in fuel costs, wear and tear
on mobile structures, and storage footprint. This is especially valuable for spacecraft
shielding designed to mitigate damage from micrometeoroid and orbital debris (MMOD)
impacts. The MMOD threat is typically characterized by millimeter scale particles
traveling at speeds in the range 10-20 km/s [1]. These impacts result in a spectrum of
phenomenon including structural damage, electromagnetic emissions, and involuntary
attitude changes that could compromise proper function of the space structure. Collisions
of these small particles with a spacecraft deployed for any significant amount of time is
inevitable, and, therefore, these structures must have protective elements incorporated
into their design to facilitate reliable performance throughout the intended service life [2].
Conventional methods for mitigating this damage include the use of a shield
spaced some distance from the outer surface of the load-bearing structural wall that
serves to pulverize and dissipate the impact energy over a larger area. More recent
spacecraft utilize double-walled load bearing structural elements like sandwich
1

composites to accomplish the same thing. The effectiveness of these types of protection
elements are primarily a function of projectile shape, mass, and impact velocity. The
preferred method for defining the envelope of effectiveness for any protection element, or
armor, is hypervelocity impact (HVI) testing using a two-stage light gas gun (2SLGG),
which can simulate about 40% of the total MMOD threat envelope [3]. Impact loading to
plates at more conventional ballistic impact velocities has been extensively studied and a
wealth of information is available in the literature [4-17]. Investigation of the effects of
HVIs to metallic materials has been well documented in the literature as well and forms
the foundation for understanding the behavior of other material classes when subjected to
the same type of loading [18-20]. Polymeric material behavior and the mechanisms for
energy dissipation during conventional ballistic impact loading are also well understood
[21-30]. To incorporate lightweight materials into the protection elements of structures
subjected to HVI, the response of polymers when subjected to ultra-high strain rates must
be probed.
An intelligent materials design paradigm must be developed using an anticipated
threat envelope (i.e., projectile shape, mass, and velocity) to select the appropriate
materials and structure necessary for a strain-rate-tuned, laminated or functionally graded
composite that will provide lightweight protection from these emerging threats. The
lightweighting will be achieved through incorporation of polymers, nanocomposites, and
hybrid materials systems. The immediate challenges to incorporation of these types
materials into a layered armor design include 1) linking molecular characteristics of
lightweight materials, such as polymers, to ballistic performance, 2) quantifying the
deformation field (both strain and strain rate) at each stage of the highly non-linear arrest
2

of an impactor traveling at hypervelocity, and 3) establishing the effects of layering, layer
thickness, and layer interface on the ballistic performance of laminate armor. There is
substantial information available in the literature about layering effects on ballistic
performance [31-35] and utilizing the benefits of such a structural design are imperative
to maximizing the weight efficiency of the layered armor.
Investigation of molecular effects on mechanical behavior requires the ultra-high
strain rate testing of materials whose behaviors may be well understood at lower strain
rates. Hypervelocity impact (HVI) testing is one experimental method that can achieve
the target strain rates in the materials being evaluated [36]. The Mississippi State
University (MSU) HVI Laboratory includes the capabilities to impact targets at velocities
in the range 2-7 km/s with projectiles up to 4 mm in diameter and capture these impacts
at up to 5 million frames per second with a high-speed camera. In addition to the impact
capabilities, rigorous material characterization in the form of dynamic mechanical
analysis (DMA) with dielectric measurement capabilities, mechanical testing for soft
solids and gels, thermal analysis including differential scanning calorimetry (DSC), and
state-of-the-art rheometric evaluation is possible on campus. These capabilities are
required to probe the links between polymer characteristics at the molecular scale
(polymer chain rigidity and architecture, degree of crystallinity, spatial dispersion of
crystalline and amorphous regions, molecular weight and its distribution, etc.) and HVI
performance of candidate layering materials.
The effects of glass transition temperature, Tg, on impact performance were
investigated by subjecting monolithic plates of polymethyl methacrylate (PMMA) and
ultra-high molecular weight polyethylene (UHMWPE) to hypervelocity perforation.
3

Impact-induced glass transition in materials tested just above glass transition has been
shown to increase energy dissipation during perforation [37]. Tg is defined as the
temperature at which the behavior of a polymeric material subjected to quasi-static
loading begins to transition from glassy behavior to tough, leathery behavior due to the
onset of viscous effects. Analysis of high-speed images, taken during perforation, along
with post-shot evaluation of the targets provided metrics for comparing impact
performance. It was evident that the exit velocity of the debris and the average size of the
ejecta, related to energy consumed by free surface area creation, was a function of target
material, target thickness, and impact velocity. In subsequent testing, water-based
ballistic gel demonstrated the ability to capture the back face debris clouds (BFDCs),
which will allow for both the quantification of particle size distribution and the
calculation of energy consumed through free surface area creation. The macroscale
phenomenon observed in the experiments form the foundation for comparing two
polymers with vastly different Tgs. However, the underlying molecular characteristics
like crystallinity, molecular weight distribution, and polymer chain flexibility are the
fundamental reasons for the disparity in glass transition. Establishing the links between
these molecular characteristics and the impact behavior of polymers is critical in
designing functionally graded materials that are tuned to the strain rate gradients
indicative of the loading regimes of interest.
HVIs to monolithic and multi-layered polymer targets must be performed over the
broadest impact velocity range achievable to inform the investigation on material
response to impact. Characterization of the materials to be impacted (using DMA, etc.)
will provide properties such as storage and loss moduli as a function of strain rate and
4

temperature. It is critical to couple this experimental work with computational estimates
of the strain rates to which the targets are subjected during the impact tests. Strain rate
can be calculated in a variety of ways including an estimate of mean strain rate
commonly implemented in the perforation of thin films, where it is defined by the ratio of
impact velocity to target thickness [29, 30, 37]. However, tuning each layer in a laminate
to a specific segment of the strain rate gradient resulting from fully arresting a projectile
traveling at hypervelocity requires a much more robust quantification.
Computational tools, such as a smooth particle code, can be used to calculate
strain rate as a function of spatial position and time. A laminate design framework
utilizing strain rate requires the definition of an initial laminate (i.e., lamina thickness and
material, projectile geometry and mass). The computed strain rate must be converted to a
scalar value, or effective strain rate, and used as the performance metric in material
selection for each lamina. The thickness of each lamina along with some radius of
material contribution will define the volume over which the effective strain rate is to be
averaged for each layer. The first iteration of this workflow identifies the volume
averaged effective strain rate to which the first layer (on the impact face) should be
tailored for maximum energy dissipation. A database of materials and their corresponding
strain rates of optimal energy dissipation would then be referenced to identify the best
candidate. The laminate model would then be updated with the new material definition
for the first layer and the workflow repeated for each layer until a final laminate design is
produced (Figure 1.1).
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Figure 1.1

Volume averaged strain rate approximation workflow

Impact testing to materials with the simplest chain structures, such as PE, provide
a baseline for evaluating crystallinity and molecular weight effects in the absence of
steric hindrance due to bulky side groups. The results are expected to shed light on how
crystallinity and molecular weight affects the ability of a given monolithic thickness of
material to deflect or dissipate kinetic energy from impact. Polymers with side-groups or
backbone features that cause polymer chain flexibility and kinetic behavior to vary from
PE should then be subjected to the same series of tests. To reach the long term vision of
intelligent materials design for the wide range of applications that require an ever more
demanding set of loading conditions, we have to understand the fundamental connections
between molecular character and macroscale dynamic performance, and, more
specifically, identify those characteristics that indicate likely candidacy as a component
in a material designed to defend against threats imposing ultra-high strain rate
deformation, such as that observed with shock and hypervelocity impact.
Additionally, structural effects, such as layering and thickness, also contribute to
the laminate impact performance and must be isolated and quantified. Layering effects on
the energy deflection and dissipation can be probed by replacing the monolithic sheets
with multiple layers (2 layers, 3 layers, etc.) of the same total thickness of PE. Polymer
6

coatings on stiff metallic substrates have been shown to improve ballistic performance
[38-40]. This interaction between hard and soft layers must be probed to capitalize on any
performance benefits that result from the interaction. Using adhesives to vary the contact
between layers will also shed light on the other effects of layering and mechanical
discontinuities in impact and shock applications. The addition of extremely hard
materials such as graphene to the impact face may provide additional benefits to a
laminate by pulverizing the projectile immediately, acting to increase the surface area
over which the underlying layers can act to more quickly dissipate energy. Fiberreinforced layers on the back face may act to contain spall and other debris. The addition
of reinforcements and/or plasticizers could offer further optimization.
Through hypervelocity impact testing, we can develop an understanding of the
coupling between molecular structure and impact performance. This information can be
used to high grade lightweight materials for testing. Material characterization and impact
testing will help to identify optimum strain rates for energy dissipation and quantify
energy dissipated for each material candidate. Given a specific threat to be defeated, we
can then define a series of volume averaged effective strain rates to be used in material
selection. An optimal lightweight laminate armor for every threat envelope can be
developed and deployed to reduce costs and increase efficiency.
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CHAPTER II
HYPERVELOCITY IMPACT TESTING AND RESULTS
The primary thrust of this research is to explore methodologies to quantify the
dynamic response of a range of materials when subjected to ultra-high strain rates. This
research is relevant to passive protection of equipment and personnel from advanced and
emerging military threats as well as mitigating damage to spacecraft from space debris
impacts (micrometeoroids, etc.). Mississippi State University (MSU) personnel, in
partnership with the United States Army’s Engineer Research and Development Center
(ERDC) in Vicksburg, MS, established the MSU Hypervelocity Impact (HVI) Laboratory
to provide a facility for this type of materials testing. The MSU HVI Laboratory includes
a two-stage light gas gun (2SLGG) capable of accelerating a projectile up to 4 mm in
diameter to velocities of over 7 km/s. The facility also includes high-speed photography
equipment allowing for the capture of images during the impact and/or perforation
events. This thesis will detail the process of acquiring the equipment, developing the
equipment into a research capability, and the experimental results that have been
facilitated by this collaboration.
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Figure 2.1

2SLGG located in the MSU HVI Laboratory

HVI Testing Facility
2SLGG Operations
The new 2SLGG (Figure 2.1) located in the MSU HVI Laboratory can be
separated into seven sections: A) firing mechanism, B) powder chamber, C) pump tube,
D) central breech, E) launch tube, F) blast tank, and G) target tank. Note the convention
for describing relative position of 2SLGG components, indicated in Figure 2.2, as it will
be used frequently in the following sections. For example, the flight path of a projectile
can be described as originating at the uprange end of the launch tube and accelerating
downrange into the blast tank.
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Figure 2.2

Technical drawing of 2SLGG in the MSU HVI Laboratory

The seven major sections of the 2SLGG are labeled as: A) Firing Mechanism, B) Powder
Chamber, C) Pump Tube, D) Central Breech, E) Launch Tube, F) Blast Tank, and G)
Target Tank. Note the “Uprange” and “Downrange” designations for defining relative
position.

Firing Mechanism
The firing mechanism consists of a firing panel (Figure 2.3), a capacitor box, and
the firing breech. It is used to initiate a shot by igniting a secondary charge, located in the
powder chamber. First, two switches on the firing panel are actuated to charge the
capacitor box to the desired voltage (220 VDC). The “FIRE” button is then pressed to
discharge the capacitor box to the firing breech. The resulting current flow through a
solenoid in the firing breech generates a magnetic pulse that pulls a metallic striker
downrange (2 cm of total travel) into the firing pin. The firing pin then strikes the primer
on the .223 Remington casing located in the uprange end of the powder chamber, setting
off a small (<1 g) propellant charge (primary charge).
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Figure 2.3

Photograph of the firing panel

The charging switches and the “FIRE” button indicated by yellow and red circles,
respectively.

Powder Chamber
The powder chamber (Figure 2.4), located immediately downrange of the firing
breech, contains a large propellant charge (secondary charge). The mass of propellant in
this secondary charge is the primary operating variable considered in the subsequent
performance analysis. The propellant is ignited by the primary charge, releasing rapidly
expanding gases into the pump tube.

Figure 2.4

Photograph of the firing breech and powder chamber

The firing breach is indicated by the yellow box while the powder chamber is indicated
by the red box.

11

Pump Tube
The pump tube (Figure 2.5, yellow box), located downrange of the powder
chamber, houses the working gas (hydrogen) that is compressed by the expanding gases
produced by the burning secondary charge. The gas handling panel (Figure 2.5, red box)
hydraulically connects the pump tube with the gas supply tanks and a dedicated vacuum
pump through a series of hoses and valves pictured in Figure 2.5. Before the powder
chamber is connected, a high-density polyethylene (HDPE) compression piston is
inserted into the uprange end of the pump tube. This piston has an O-ring that seals
against the inside diameter (ID) of the pump tube. Hydraulic isolation of the pump tube is
achieved when the high-pressure valves on top of the pump tube (Figure 2.5, blue box)
are closed, and the compression piston seals the uprange end against the powder chamber
while a petal valve in the central breech seals the downrange end. After the pump tube
has been sealed, nitrogen is pumped through the high-pressure valve assembly to flush
any air and humidity in the system out through the exterior vent. After the flush, the
supply valves and vent are closed, and the vacuum pump is used to evacuate the pump
tube. Once evacuated, the working gas flows into the pump tube to the desired working
gas pressure (secondary operating variable). Once the gun is fired, the rapidly expanding
gases from the powder chamber stroke the compression piston downrange, compressing
the working gas into the central breech.
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Figure 2.5

Photograph of the pump tube section and gas supply bottles

The gas supply bottles, gas handling panel, pump tube, and high-pressure valve assembly
are each indicated by the black, red, yellow, and blue boxes, respectively.

Central Breech
The central breech, pictured in Figure 2.6, is located between the downrange end
of the pump tube and the uprange end of the launch tube. A petal valve, or pressure disc,
in the downrange end of the central breech hydraulically isolates the working gas in the
pump tube from the evacuated blast tank and target tank sections of the 2SLGG. The ID
of the central breech serves as a transition from the 30 mm ID of the pump tube to the
5.56 mm ID of the launch tube. Once the compression piston starts to stroke through the
pump tube, the working gas pressure begins to rise. When the working gas pressure
reaches ~69 MPa, the petal valve bursts, releasing a high-pressure jet of working gas into
the launch tube. The compression piston continues to compress the working gas until it
seats in the ID restriction of the central breech.
13

Figure 2.6

Photograph of the central breech section of the 2SLGG

Launch Tube
Figure 2.7 contains a photograph of the launch tube, a rifled barrel that controls
the rotation and direction of travel of the plastic sabot and the projectile (collectively
referred to as the projectile package). This projectile package fits snugly in the ID of the
launch tube, preventing leakage of high-pressure gasses around the package while
minimizing wear on the barrel that would result from metal-on-metal contact. Once the
high-pressure jet of gas enters the uprange end of the launch tube, the projectile package
accelerates downrange as the working gas pressure peaks. As the projectile package
moves through the launch tube, the rifling of the barrel forces the package to rotate. The
sabot has been machined into four pieces that, after exiting the launch tube, will separate
in a radial direction away from the axis of travel. The rotation of the projectile package,
resulting from the rifling, is accompanied by centrifugal forces that facilitate this
separation. This rotating projectile package exits the downrange end of the launch tube
and enters the uprange end of the blast tank.
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Figure 2.7

Photograph of the launch tube section of the 2SLGG

Blast Tank
The blast tank (Figure 2.8) consists of a series of baffles, a velocity measurement
section, and a stripper plate. Any debris that may be accompanying the projectile package
is blocked by the baffles (Figure 2.12) located in the most uprange section of the blast
tank. After exiting the baffles, the projectile package enters the velocity measurement
section. This section consists of two laser curtains, separated by a known distance (30
cm), each outputting a constant signal. As the package passes between the transmitter and
receiver pairs of each laser curtain, the output signals are interrupted. The time interval
between these two interruptions corresponds to the time required for the projectile to
travel the known distance between the two stations. This time interval is output on a laser
intervalometer display and used to calculate impact velocity. Throughout the projectile
flight path in the blast tank, the sabot pieces are separating further from the projectile. As
the package reaches the downrange end of the blast tank, the stripper plate allows only
the projectile to pass through the dime-sized circular hole in its center to enter the target
tank.

15

Figure 2.8

Photograph of the blast tank section of the 2SLGG

The two laser curtain stations for velocity measurement are indicated by the yellow
circle.

Target Tank
The target tank (Figure 2.9) is a pressure vessel that contains the target and target
fixture. Additionally, viewing ports located on the sides and top of the target tank allow
for imaging of the impacts using high speed photography. The first task (chronologically)
that must be completed to prepare for a shot is to fix the target onto the target fixture and
seal the door at the downrange end of the target tank. Once the central breech is installed
at the uprange end of the launch tube, the target tank, blast tank, and launch tube are then
evacuated. Once the firing mechanism, powder chamber, and pump tube have been
assembled and prepared for a shot, the 2SLGG is ready to be fired. Initiating the shot
results in the following sequence of events: the secondary charge burns (releasing high
pressure exhaust gases), the compression piston strokes downrange through the pump
tube (compressing the working gas), the working gas pressure rises, the petal valve
bursts, and the projectile package accelerates from the launch tube through the blast tank.
After the sabot pieces have been successfully stripped from the projectile package at the
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stripper plate, the projectile enters the uprange end of the target tank and proceeds
downrange to impact the target.

Figure 2.9

Photograph of the target tank section of the 2SLGG

Design Specifications
The design specifications of the upgraded 2SLGG were driven primarily by the
limitations of an earlier gas gun (Figure 2.10), designed and built by Southwest Research.
The original gas gun fired projectiles of up to 1 mm in diameter, which presented
difficulties in handling the assembled projectile package (the projectile and the sabot)
because it was so small. The precision required for the machining of sabots to
accommodate this small size of projectile presented an additional expense. The velocity
measurement system in the original gas gun, using photodiodes and relying on passive
observation of light naturally emitted during a typical shot, was less reliable than the
types of velocity measurement systems used in similar facilities, such as the one located
17

at the University of Kent [41], that employed laser curtains. Finally, the size of the target
tank limited target size and orientation options, and the lack of view ports prevented
observation during the impact event.

Figure 2.10

Photograph of the original 2SLGG

The upgraded 2SLGG, built by Physics Applications, Inc. (PAI), was designed to
fire a larger projectile (up to 4 mm in diameter) over a velocity range of ~2-7 km/s. The
velocity measurement system incorporates a digital display that reports the time interval
between the activation of two laser curtains located a known distance apart along the
flight path of the projectile. The target tank is much larger than that of the original gun,
accommodating a target as large as 61 cm x 61 cm x 30.5 cm at normal and oblique
impact angles. There are also three large view ports running the length of the target tank
that allow for observation of impact events using high-speed photography.
Troubleshooting
Upon receipt and assembly of the 2SLGG, successful shots were completed using
polycarbonate slugs (Figure 2.11a). This type of projectile is a single solid piece and,
therefore, does not require a sabot to be stripped away before entering the target tank.
Typical experiments are done with metallic projectiles which require a plastic sabot,
18

shown in Figure 2.11b. The sabot must be stripped from the projectile package in flight
prior to entering the target tank. This requires that the projectile maintain its flight path as
the entire package rotates due to the rifling in the launch tube. This rotation causes the
sabot petals to separate and drift away from the axis of rotation (which should be
coincident with the axis of travel). The sabot petals ideally should all impact the stripper
plate, allowing the projectile to pass untouched through the small hole in its center into
the target tank. Unfortunately, some sabot pieces were impacting the baffles (Figure 2.12)
at the uprange end of the blast tank, causing them to tumble and disrupt the fight path of
the projectile package. It was determined that the rifling of the barrel was too aggressive
(1 full rotation over 76 cm of travel compared to a design value of 1 full rotation over
102 cm of travel). This caused the sabot petals to separate from the axis of rotation too
quickly and strike the baffles in the blast tank.

Figure 2.11

2SLGG projectile packages

The two images are labeled as follows: a) polycarbonate slug and b) nylon sabot and 4
mm Aluminum 2017 T4 sphere (1 piece of the 4-piece sabot was removed for illustration
purposes).
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Figure 2.12

Photograph of a baffle

This photograph was taken looking downrange from the uprange end of the blast tank.

A replacement barrel was acquired with less aggressive rifling to mitigate the
baffle impact problem. There were still issues, however, preventing a successful shot
with a projectile that required a sabot. The stripper plate needed to translate farther
radially than the stripper plate mounting bracket would allow. The stripper plate
mounting bracket was modified to allow for extended travel of the stripper plate by
removing the material indicated by the red shaded region in Figure 2.13.

Figure 2.13

Photograph of stripper plate and mounting bracket

The stripper plate is indicated by yellow shading and the material removed from the
mounting bracket is shaded red.
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During the first round of testing in the MSU HVI Laboratory, down time between
shots was approaching 90 minutes due primarily to the length of time required to draw
down the target tank and blast tank to the desired vacuum level. Updating the vacuum
pump, though it required routing 3-phase power to the laboratory and acquisition of the
proper fittings, allowed for the reduction of this down time to 15 minutes and greatly
increased efficiency of the testing operation. The upgraded pump is pictured in Figure
2.14.

Figure 2.14

Photograph of the primary vacuum pump

Performance Analysis
Once the 2SLGG was operational, data from a series of test shots was analyzed to
develop a model that would estimate the mass of secondary charge required to result in a
given impact velocity. The analysis held constant: 1) the projectile (4 mm Aluminum
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2017-T4 sphere, mass ~0.090 g), 2) the sabot (nylon 4-piece, mass ~0.132 g), 3) primary
charge (IMR Target, mass ~1 g), 4) working gas (H, initial pressure ~1.15 MPa), and 5)
the type of propellant used in the secondary charge (IMR 3031). The primary objective of
this performance analysis was to determine the effects of varying the mass of propellant
in the secondary charge on impact velocity. After consulting with PAI, the operational
range of the secondary charge mass was determined to be 7-16 g. Shots were performed
with a secondary charge propellant mass at 1 g increments across this range and
respective impact velocities were recorded (Table 2.1).
Table 2.1
Test #
11
14
16
21
26
27
29
30
31
32
33
34
35
36
37
38
39
40
46
47
48
49
50
51
52
53
59
60

Test shots used in 2SLGG performance analysis
Projectile Package Mass (g)
0.231
0.227
0.227
0.230
0.224
0.224
0.224
0.230
0.225
0.224
0.224
0.221
0.226
0.225
0.225
0.229
0.225
0.228
0.226
0.226
0.226
0.225
0.221
0.225
0.223
0.225
0.226
0.229

Propellant Mass (g)
16.001
11.003
10.003
13.997
7.002
8.002
9.002
10.001
11.005
11.006
12.000
12.006
12.001
13.001
13.000
13.000
14.003
15.001
9.001
9.002
9.000
10.000
11.001
12.001
13.001
14.001
11.998
12.000
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Impact Velocity (m/s)
6711
6000
4983
7026
3690
4348
4769
5263
6110
6048
6424
6383
6316
6397
6623
6682
6682
7160
2863
4545
5181
5525
5859
6342
6757
6711
6250
6424

The 2SLGG converts the chemical energy of the propellant charge into the kinetic
energy of the projectile package. A simple model of this energy conversion is proposed
below to characterize the relationship between secondary charge mass and impact
velocity. The chemical energy of the propellant charge, 𝐸𝐶ℎ , can be expressed as
𝐸𝐶ℎ = 𝑚𝑝𝑟𝑜𝑝 ∙ δ

(2.1)

where 𝑚𝑝𝑟𝑜𝑝 is the mass of the propellant and δ is the specific energy of the propellant.
The conversion to projectile package kinetic energy, 𝐾𝐸𝑝𝑝 , with some conversion
efficiency, 𝛾, can be expressed as
1

𝐸𝐶ℎ ∙ 𝛾 = 𝐾𝐸𝑝𝑝 = 2 ∙ 𝑚𝑝𝑝 ∙ 𝑣0 2

(2.2)

where 𝑚𝑝𝑝 is the mass of the projectile package and 𝑣0 is the impact velocity. The
conversion efficiency accounts for all of the frictional losses, energy consumed in the
perforation of the petal valve, and any leakage of the high-pressure gases. Because it is
assumed that the mass of the secondary charge has no effect on this efficiency and all
other variables that might affect its value are being held constant, the conversion
efficiency is treated as a constant for this analysis. Equations (2.1) and (2.2) can be
combined and rearranged to form a theoretical relationship between impact velocity and
propellant mass that can be expressed as
𝑣0 2 =

2∙𝛿∙𝛾
𝑚𝑝𝑝

∙ 𝑚𝑝𝑟𝑜𝑝 .

(2.3)

Using this 2SLGG performance model, the square of impact velocity is expected
to vary linearly with propellant mass. The squares of the observed impact velocities from
the test shots were plotted as a function of their respective secondary charge propellant
masses (Figure 2.15). Two sets of error bars are attached to each data point. The red error
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bars are consistent with +/- 5% of the impact velocity, and the black error bars
correspond to +/- 10% of the impact velocity. A linear least squares fit, f(x), is
superimposed on the data and the equation for this line is included in the key located in
the upper left corner of the plot. The slope of this line corresponds to the 2 ∙ δ ∙ 𝛾/𝑚𝑝𝑝
term in the model and is equal to 5∙106 m2/s2 per gram of propellant in the secondary
charge. The trendline falls within the red error bars for all but a few of the shots and
within the black error bars for every data point in the data set. Given a secondary charge
mass in the range 7-16 g and holding all other operating variables to consistency with this
analysis, it would be reasonable to assume that this model could be used to predict impact
velocity within 5%.

Figure 2.15

Propellant mass effects on achievable impact velocity

The square of projectile impact velocity, on the ordinate of the graph, is plotted as a function of
secondary charge propellant mass. A linear least squares fit, f(x), is superimposed on the data as a
dashed black line. The red error bars are consistent with +/- 5% of the impact velocity, and the
black error bars correspond to +/- 10% of the impact velocity.
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As an example of how to use the model, suppose the object of a test shot is to
impact a target with a 4 mm sphere of Aluminum 2017-T4 at a velocity of 6,000 m/s. The
2SLGG will utilize Hydrogen as the working gas at an initial pump tube charge of
1.15 MPa and a nylon 4-piece sabot (i.e., all operating variables are consistent with this
performance analysis). The first step to calculate the secondary charge propellant load
required for this test is to square the desired impact velocity (𝑣02 = 3.6∙107 m2/s2). The
next step is to substitute this value into
𝑣02 = 5 ∙ 106 ∙ 𝑚𝑝𝑟𝑜𝑝 − 2 ∙ 107

(2.4)

which is a version of Equation (2.3) that has been modified to reflect the linear fit. The
final step is to solve for 𝑚𝑝𝑟𝑜𝑝 ,
𝑚𝑝𝑟𝑜𝑝 = (3.6 ∙ 107

𝑚2
𝑠2

+ 2 ∙ 107

𝑚2

𝑚2

)/5 ∙ 106 𝑠2 𝑔 = 11.2g.
𝑠2

(2.5)

A relationship between 𝐾𝐸𝑝𝑝 and 𝑚𝑝𝑟𝑜𝑝 would allow for variation in both projectile
package mass and propellant mass, providing a more valuable tool to predict impact
velocities for a given propellant mass. Further testing varying 𝑚𝑝𝑝 and 𝑚𝑝𝑟𝑜𝑝 would be
required to validate the kinetic energy relationship.
Camera/Lighting
High-speed photography equipment has been a critical addition to the MSU HVI
Laboratory that allows for observation of the hypervelocity events as they are occurring.
The photography equipment, some of which is pictured in Figure 2.16, includes the
camera, power and telemetry interface, laptop controller, flash lamps, and a collection of
tripods and articulating arms that facilitate a variety of different photography
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configurations. With this equipment, images can be captured at frame rates of up to 5M
frames per second.

Figure 2.16

Photographs of the high-speed camera and lighting

Materials
The materials tested in the MSU HVI Laboratory during this project ranged from
geomaterials like steel fiber reinforced concrete to soft materials like water-based
ballistic gels. However, the vast majority of testing was performed on monolithic plates
of poly(methyl methacrylate) (PMMA) and polyethylene (PE) of varying thicknesses and
molecular weights. Both materials are polymers that exhibit viscoelastic behavior, i.e.,
behaviors of both elastic solids and viscous fluids. This section will discuss the molecular
characteristics that result in viscoelastic behavior and the material characterization
methods used to explain the strain and strain rate dependence of this behavior.
Viscoelastic Behavior
Polymeric materials are made of large molecules that take the form of a long
chain of repeating units [42]. Their mechanical behavior is heavily influenced by
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temperature, strain, and strain rate. In terms of thermal effects, polymers fall into two
categories: 1) thermoplastics and 2) thermosets. Typical thermoplastics exhibit every
phase of thermal transition in a reversible way (they will melt when heated and then
solidify when left to cool, etc.), while thermosets undergo irreversible cross-linking and
their behavior stabilizes after heating beyond the glass transition, never taking the form of
a melt. Thermoplastics can be further divided into semi-crystalline and amorphous
polymers. Amorphous polymers have no crystal structure in any phase, while some
fraction of a semi-crystalline polymer will assume an ordered position and orientation
when cooled sufficiently. As a thermoplastic polymer is heated from a solid state, where
it can be characterized as relatively stiff when subjected to quasi-static loading, it will
begin to soften over the glass transition region (Figure 2.17 [42]). With continued
heating, the material softens further in the rubbery plateau region. Finally, with a
sufficient increase in temperature, the polymer melts and flows.
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Figure 2.17

Relaxation modulus on the temperature spectrum [42]

The stress relaxation modulus is presented on the ordinate as a function of temperature
for a typical thermoplastic. Reprinted with permission of DEStech Publications.

Free volume arguments are a useful tool to explain the thermal transitions that
polymers exhibit [42]. Specific volume is the total volume per unit mass of a bulk
polymer, but all of that volume is not occupied by the atoms that make up the polymer
chains. The volume not occupied by any part of a polymer chain can be considered free
volume (Figure 2.18, green shaded region). As specific volume increases with
temperature, the free volume is the component that must be expanding. An increase in
free volume provides additional space for polymer chain motion (vibration, rotation,
translation, etc.).
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Figure 2.18

Free volume illustration

The polymer chains are indicated by the black curves and the green shading represents
the free volume.

A polymer is in a glassy state when below its glass transition temperature, Tg (see
Figure 2.17) [42]. This glassy state is typically characterized by stiff elastic behavior.
This is because there is insufficient free volume to allow large segments of the polymer
chain to rotate or move (segmental motion) in response to the loading. If the polymer
chains cannot move relative to each other as fast as the loading is applied, the load is
transferred from one chain to the next without any viscous effects. As the temperature is
increased beyond the glass transition, the amorphous regions experience more molecular
mobility due to an increase in free volume that manifests as a significant decrease in
stiffness. This second-order transition occurs when enough free volume has developed to
allow large chain segments in the amorphous regions of the polymer to move past each
other, demonstrating viscous fluid-like behavior. As the polymer is heated further into the
“rubbery plateau (Figure 2.17),” specific volume (and free volume) continues to increase,
allowing for polymer chains to begin to disentangle and lengthen [42]. In a semicrystalline polymer, a first-order transition occurs when heated past the rubbery plateau
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to the melting point [43]. This is characterized by an acute, discontinuous increase in
specific volume as the crystalline regions lose their ordered structure. An increase in the
degree of crystallinity results in an increase in melting temperature.
Strain rate effects are coupled with thermal effects on the viscous behavior
exhibited by the amorphous regions in a polymer. As previously mentioned, if there is
insufficient free volume to accommodate some applied load through viscous chain
motion (relative to each other), the material will behave in a stiff, solid-like manner.
However, the level of insufficiency (i.e., free volume threshold below which glassy
behavior is exhibited) is a function of both the amount of temperature dependent free
volume and the time scale of the applied loading. If the load is applied over a longer time
scale (i.e., a lower strain rate), chains of a given polymer will require less free volume to
move and rotate relative to each other to accommodate the applied loading.
PMMA/PE
Tg is defined as the temperature at which the behavior of an amorphous polymer
(or the amorphous regions of a semi-crystalline polymer) subjected to quasi-static loading
begins to transition from glassy behavior to tough, leathery behavior due to the onset of
significant chain mobility. The temperature of the environment, relative to Tg, is one of
the determining factors in how these materials respond to loading. For the purposes of
this analysis, PMMA (Tg = 100°C) is assumed to be a glassy polymer with almost no
crystallinity and exhibits stiff, brittle behavior at ambient temperature. Conversely, PE
(Tg = -120°C) is semi-crystalline and demonstrates tough, leathery behavior at ambient
temperature. The crystalline regions of PE destabilize and melt near 135°C. The
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difference in Tg is driven by the molecular architecture of the two materials. PMMA
molecular chains have bulky side groups that require more free volume to pass through
and sterically hinder chain flexibility. Glass transition in PMMA is not observed until
elevated temperatures because of the amount of free volume that must develop to
facilitate significant relative molecular motion in this material. In contrast, PE has one of
the simplest chemical structures of any polymer without any bulky side groups to hinder
chain flexibility. This streamlined geometry allows for relative molecular motion with
minimal free volume development. Testing of these two materials at a laboratory
temperature of 23°C provides a contrast useful for comparing the behavior of a polymer
loaded both significantly above and significantly below their Tg.
UHMWPE/HDPE
The two families of PE investigated in this project were ultra-high molecular
weight PE (UHMWPE) and HDPE. The crystallinity in the two materials differ in
amount (degree of crystallinity) and geometry [44]. UHMWPE crystallizes in long
ribbons while HDPE crystalline regions take the form of spherulites. Higher molecular
weight means longer polymer chains. The longer chains in UHMWPE results in fewer
chain ends, reducing flexibility and resulting in less crystallinity. While HDPE readily
melts, UHWMPE chain motion is limited due to the high degree of entanglement of the
long polymer chains. This entanglement in UHMWPE forms physical cross-links that
resist terminal flow even when heated above its melting temperature. When subjected to
impact loading (< 100 m/s), UHMWPE demonstrated higher perforation energy (energy
required to perforate) than HDPE at quasi-static and dynamic strain rates. Analysis of
monolithic plates of both materials subjected to this type of perforation also revealed a
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difference in damage morphology. HDPE demonstrated highly localized plastic
deformation that was restricted to the circumference of the impactor. Additionally, the
back face of the plates retained a disk of material folded back by the exit of the projectile.
UHMWPE failed due to radial cracking and the formations of petals, similar to the failure
of a thin metallic plate subjected to the same impact loading.
Experimental Results
Experimental Configuration
The 2SLGG was used to accelerate 4 mm diameter Aluminum 2017 T-4 spherical
projectiles into a series of polymer targets at impact velocities across the range 2-7 km/s.
Images of the penetration events were acquired using the high-speed photography
equipment and analyzed using TEMA motion analysis software to track the velocity of
the debris cloud ejected from the back face of the target after perforation (shown
schematically in Figure 2.19). The two primary target materials investigated, PMMA and
PE, were acquired in large (~3 m2) sheets from Nationwide Plastics, Inc. The sheets were
cut into 30.5 mm square samples for testing. For each test, a monolithic sample was
sandwiched between two 3.175 mm thick steel faceplates with a circular window
(diameter, 25.4 mm) centered on the axis of penetration to allow the projectile to interact
only with the sample. Eight bolts, equally spaced and symmetrically placed about the
perimeter of the windows in the faceplates, were used to hold all three layers together.
These stiff faceplates were designed to force boundary conditions that would be both
suitable for axisymmetric modeling and eliminate edge effects on material behavior
during penetration.
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Figure 2.19

HVI experimental configuration

Performance Metrics
To explain the behavior of polymeric materials during hypervelocity impact and
perforation, it is useful to establish a thermodynamic convention for discussing the event
in terms of energy supplied to the system (the projectile and the target in a vacuum) and
how the target material affects the way this energy is transferred, converted, and/or
dissipated. In these experiments, the energy supplied to the system is the kinetic energy
of the projectile at impact, defined as
1

𝐾𝐸0 = 2 ∙ 𝑚𝑝𝑟𝑜𝑗 ∙ 𝑣0 2

(2.6)

where 𝑚𝑝𝑟𝑜𝑗 is the mass of the projectile and 𝑣0 is velocity of the projectile at impact. If
the motion of the projectile is fully arrested during impact, all of this supplied kinetic
energy is then transferred to some mass of target material in the form of ejecta, converted
to heat, and/or dissipated due to viscous effects, creation of free surface area (fracture), or
some combination of the two. Free surface area can be created in the target, in the
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material ejected from the target, as well as in the projectile. In the event of perforation,
the projectile will have some residual kinetic energy, defined as
1

∆𝐾𝐸𝑝𝑟𝑜𝑗 = 2 ∙ 𝑚𝑝𝑟𝑜𝑗 ∙ (𝑣𝑒𝑥𝑖𝑡 2 − 𝑣0 2 )

(2.7)

where 𝑣𝑒𝑥𝑖𝑡 is the exit velocity of the projectile. It is this ∆𝐾𝐸𝑝𝑟𝑜𝑗 that is transferred,
converted, and/or dissipated during the event. The distribution of ∆𝐾𝐸𝑝𝑟𝑜𝑗 into these
categories depends upon many variables including projectile properties (shape, material,
etc.) and velocity, target material and thickness, and the environment (temperature,
pressure, etc.). The purpose of this investigation is to probe the effects of velocity on the
magnitude and distribution of ∆𝐾𝐸𝑝𝑟𝑜𝑗 during the perforation of monolithic plates made
from two very different polymers, with all other experimental variables held constant.
Analysis of high-speed images, taken during perforations, along with post-shot evaluation
of the targets were the first steps in establishing the links that exist between polymer
characteristics at the molecular scale (polymer chain rigidity and architecture, degree of
crystallinity, spatial dispersion of crystalline and amorphous regions, molecular weight
and its distribution, etc.) and the associated macroscale manifestations during
hypervelocity perforation.
High-speed imaging, in conjunction with static post-shot images, offered
information regarding the damage morphology (damage surface character, fracture,
residual plastic deformation, ejecta geometry, etc.) demonstrated by the impacted targets.
There was no visible evidence of intact projectiles after impact in any of the high-speed
images, leading to the conclusion that they were pulverized upon impact due to the
magnitude of the impact velocity. Presumably, most of the projectile material is
contained in the back face debris clouds (BFDCs), as there was minimal evidence of
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aluminum residue from the projectile on any of the targets after perforation. In lieu of
tracking an intact projectile exiting from the target after perforation, the TEMA software
was used to quantify the velocity of the leading edge of each BFDC along the axis of
penetration (AoP) (Figure 2.19), providing insight into the kinetic energy transferred
beyond the target. Finally, quantification of the post-shot damage zone sizes and mass
loss indicated the ability of the tested materials to delocalize impact stresses.
High-Speed Image Analysis
The effect of glass transition temperature, Tg, on impact behavior was investigated
by subjecting 6.35 mm thick monolithic plates of PMMA and UHMWPE to
hypervelocity perforation by 4 mm Aluminum 2017-T4 spheres. High-speed images
during the perforations were acquired at 1M fps with an exposure time of 100 ns for each
frame, some of which are included in Figure 2.20. In each row, the images (starting from
the left) are of moments before impact, immediately following impact, and 30-60 μs after
impact. The disparity in time between impact and the final image for each perforation
was necessary to illustrate the development in debris cloud geometry after perforation,
for which the time required varied by impact velocity. The ejection of debris from both
the impact and back faces of each target is observed in both materials across the range of
impact velocities. The impact face debris cloud (IFDC) refers to the cloud of material
being ejected back uprange (in the direction from which the projectile came) and
expanding radially outward from the AoP in a funnel-like shape (not depicted in the
illustration contained in Figure 2.19). The BFDC refers to the cloud of target material
ejected downrange from the back face of the target and is also expanding radially.
Figure 2.20a and 2.20b include 3-frame sequences of the hypervelocity perforation of
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PMMA with impact velocities of 3,700 m/s and 6,300 m/s. The after impact image from
the faster perforation (Figure 2.20b) depicts a much finer BFDC (i.e., smaller particles)
when compared to Figure 2.20a. Figure 2.20c and 2.20d include 3-frame sequences
documenting the perforation of UHMWPE at the same impact velocities, and a similar
trend of decreasing ejecta size is evident with increasing impact velocity.

Figure 2.20

High-speed images acquired during hypervelocity perforation

High-speed images capturing perforation of: a) PMMA impacted at 3,700 m/s; b) PMMA
impacted at 6,300 m/s; c) UHMWPE impacted at 3,700 m/s; d) UHMWPE impacted at
6,300 m/s (the projectile in all shots was a 4 mm diameter sphere of Aluminum 2017-T4).

Both the IFDCs and the BFDCs resulting from the perforations of PMMA appear
much darker than those from the perforations of UHMWPE at corresponding velocities.
This is especially evident at the lower impact velocities (Figure 2.20a and 2.20c). The
36

BFDC resulting from the perforation of UHMWPE with an impact velocity of ~3,700 m/s
(Figure 2.20c) appears to have much fewer particles of debris when compared to the
PMMA BFDC resulting from the same impact velocity (Figure 2.20a). Moreover, the
ejecta from PMMA appears to be of smaller average size than that ejected from
UHMWPE when impacted at the same velocity, which was observed across the velocity
range tested. If the same volume of material is represented by two BFDCs, a larger
number of smaller particles (assuming all particles are near-spherical) would constitute
more free surface area. The average size of the debris ejected, related to energy consumed
by free surface area creation, is a function of both the target material and impact velocity.
TEMA image analysis software was used to track the velocity of the leading edge
of the BFDCs along the AoP. The BFDCs appeared to take the form of a spherical shell
expanding radially from a center that was traveling downrange along the AoP, consistent
with observations of debris clouds resulting from perforation of thin metal targets [19,
45]. This implies that the velocity fields for the debris contained in the BFDCs had axial
and radial components. The images constitute a two-dimensional (2D) snap shot of a
three-dimensional (3D) phenomenon, which presents difficulties in resolving the out of
plane components of the velocity vector for a given particle without a second camera.
The most critical component of the velocity in this application is the axial component,
and it is a safe assumption that, at the leading edge of the BFDC along the AoP, the axial
component is representative of the total magnitude of the velocity vector (i.e., the
direction of radial expansion of the debris at this point in the cloud and the direction of
travel of the center of the growing sphere are colinear).
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For perforation at a given impact velocity, the velocity of the leading edge of the
BFDC, referred to as back face debris velocity, is a function of the projectile and the
target (material, geometry, etc.). In the following comparison, the only difference
between the two data sets is the target material. The relationship between impact velocity
and back face debris velocity can be defined in terms of the conservation of energy as
(2.8)

∆𝐸 = 0 = 𝐾𝐸0 − 𝐾𝐸𝐵𝐹𝐷𝐶 − 𝐸𝐷𝐷𝐶

where 𝐾𝐸𝐵𝐹𝐷𝐶 is the kinetic energy of the ejecta in the BFDC and 𝐸𝐷𝐷𝐶 is the portion of
kinetic energy from the impact that is diverted, dissipated, or converted to heat. If it is
assumed that the back face debris velocity and the projectile exit velocity are the same,
combining Equations (2.7) and (2.8) yields
1
2

1

∙ 𝑚𝑝𝑟𝑜𝑗 ∙ 𝑣0 2 = ∙ 𝑚𝐵𝐹𝐷𝐶 ∙ 𝑣exit 2 + 𝐸𝐷𝐷𝐶

(2.9)

2

where 𝑚𝐵𝐹𝐷𝐶 is the mass of the ejecta (target and projectile) in the BFDC and 𝑣exit has
been redefined as the back face debris velocity. 𝐸𝐷𝐷𝐶 can be defined as
𝐸𝐷𝐷𝐶 = 𝐾𝐸𝐼𝐹𝐷𝐶 + 𝑓(𝑣0 , … )

(2.10)

where 𝐾𝐸𝐼𝐹𝐷𝐶 is the kinetic energy of the material in the IFDC and 𝑓(𝑣0 , … ) is some
function of impact velocity defining the collective amount of impact energy that is either
converted to heat or dissipated due to viscous effects and/or free surface area creation.
For the purposes of this analysis, it is assumed that 𝐸𝐷𝐷𝐶 is minimally affected by varying
impact velocity within the range of 2-7 km/s and will be treated as a constant defined by
the target (material and thickness). Considering these assumptions and rearranging
Equation (2.10) results in the impact-exit velocity relationship defined as
𝑣exit 2 = α ∙ 𝑣0 2 − 𝛽
where α is defined as
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(2.11)

𝑚

α = 𝑚 𝑝𝑟𝑜𝑗

𝐵𝐹𝐷𝐶

(2.12)

and 𝛽 is defined as
2∙𝐸𝐷𝐷𝐶

𝛽=𝑚

𝐵𝐹𝐷𝐶

.

(2.13)

The mass ratio, α, is the slope of the performance line and is an indication of how well
the material has transferred the impact energy from the projectile to the target and
reduced the velocity of any back face ejecta. The offset, 𝛽, quantifies the intercept of the
performance line with the ordinate and is a ratio of energy diverted, dissipated or
converted to mass ejected downrange of the target. The model defined by Equation (2.11)
predicts a linear relationship between the squares of impact velocity and back face debris
velocity with a slope of less than one. Figure 2.21 illustrates this performance space
defined by the model where a vacuum would be defined by a line with a slope of one that
intersects the origin (impact and exit velocities would be the same, 𝑚𝐵𝐹𝐷𝐶 = 𝑚𝑝𝑟𝑜𝑗 ) and
an impenetrable material would be defined by a horizontal line on the abscissa (exit
velocity would be equal to zero regardless of the impact velocity).
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Figure 2.21

Target performance space

The squares of the back face debris velocities measured for the perforations of
both materials were plotted as a function of the square of impact velocity and a linear
least squares fit for both data sets was superimposed on the plot (Figure 2.22). When
compared to PMMA at a given impact velocity, the exit velocities measured for
UHMWPE BFDCs were generally lower across the velocity range tested. The mass ratio,
α, for UHMWPE with a thickness of 6.35 mm (indicated by the slope of the
corresponding trend line on the plot in Figure 2.22) is lower than for PMMA of the same
thickness (α = 0 equates to no perforation). A material with a lower mass ratio
demonstrates less incremental increase in back face debris velocity per unit increase in
impact velocity. This suggests that UHMWPE would perform better than PMMA as a
lamina material in a layered armor, assuming a lamina thickness of 6.35 mm and an
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impact velocity in the range tested. However, if the projectile mass is held constant, a
lower value of α also implies that there is more mass of material in the BFDC.

Figure 2.22

BFDC velocity comparison (PMMA/UHMWPE)

Plot of the square of BFDC velocity vs. the square of projectile impact velocity

Post-Shot Analysis of UHMPWE and PMMA Targets
Following high-speed image analysis of the impact events, post-shot analysis of
the targets was performed and included measurements of an inner and outer damage
radius as well as mass loss due to perforation. Figure 2.23 contains six static images of
UHMPWE and PMMA targets that have been perforated: (material, impact velocity,
camera perspective) a) PMMA, 2,400 m/s, impact face, b) PMMA, 7,025 m/s, impact
face, c) PMMA, 7,025 m/s, side view, d) UHMWPE, 2,100 m/s, impact face, e)
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UHMWPE, 6,750 m/s, impact face, and f) UHMPWE, 6,750 m/s, side view. An inner
damage radius, R1, was measured from the AoP to the edge of the pass-through hole,
while an outer damage radius, R2, was measured from the AoP to the outer edge of
apparent damage on the impact face. The PMMA lost its translucence between the inner
and outer radii over the impact velocity range tested (Figure 2.23a and 2.23b), which is
indicative of intense fracturing that would prevent light from passing through unaffected.
The size of the pass-through hole, defined by R1, and the size of the apparent damage
zone, defined by R2, increased with impact velocity. The side view image of the PMMA
target in Figure 2.23c depicts dominant fracture planes between the midplane of the target
and the impact and back faces evident in in the image. This phenomenon was observed
across the impact velocity range in the PMMA targets and is consistent with a dominant
flaw developing and propagating radially outward from the AoP. The absence of plastic
deformation in PMMA, as expected from a brittle material, would mitigate the growth
secondary flaws located elsewhere through the thickness, enhancing the stresses at the
crack tip of the dominant fractures. The images in Figure 2.23d and 2.23e show that,
similar to the trend observed in the PMMA targets, the damage radii measured from the
UHMPWE targets increased with impact velocity. In contrast to PMMA, significant
residual out-of-plane plastic deformation was observed in the UMWPE targets, as can be
seen in the side view image contained in Figure 2.23f. Additionally, it appears that
multiple fractures initiated throughout the thickness of this UHMPWE target because
viscous effects and plastic flow prevented the development of a dominant fracture. Some
impact energy is being dissipated during perforation of the UHMWPE due to these
phenomena. Figure 2.24 includes a plot of the measured damage radii for both materials
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as a function of projectile impact velocity. When compared to PMMA at any given
impact velocity in the range tested, UHMWPE demonstrated a larger R1, consistent with
residual plastic hole enlargement after perforation [44], and a smaller R2, which points to
less delocalization of the impact stresses and a smaller volume of material engaged in
energy dissipation.

Figure 2.23

Post-shot target images (PMMA/UHMWPE)

Post-shot target images: (Camera Perspective, Target Material, Impact Velocity) a)
Impact Face, PMMA, 2,400 m/s; b) Impact Face, PMMA, 7,025 m/s; c) Side View,
PMMA, 7,025 m/s; d) Impact Face, UHMWPE, 2,100 m/s; e) Impact Face, UHMWPE,
6,750 m/s; f) Side View, UHMWPE, 6,750 m/s. The red shaded region highlights a piece
of PMMA, located between R1and R2 and between the midplane and impact face of the
target, that did not flake off during perforation.
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Figure 2.24

Damage radii comparison (PMMA/UHMWPE)

Damage radii presented as a function of impact velocity

The mass loss is representative of the mass of target material ejected in both the
IFDCs and BFDCs. Each perforated target was cut down to a 50 mm square centered on
the perforation, which was sufficiently large so that sample thicknesses would be
consistent with virgin material unaltered by the perforation (and sufficiently small to
reduce the required precision of the mass measurement to detect the mass loss). These
reduced samples were machined to achieve true square edges and the side lengths and
thicknesses were measured to calculate a pre-shot volume. Six similar 50 mm squares
were cut from unperforated sections of each material. These virgin samples were
measured and weighed to provide an average density. This average density was
multiplied by the calculated pre-shot volume of each sample to provide a pre-shot mass.
The perforated samples were then weighed to provide a post-shot mass. The difference
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between the two mass values provided the mass loss due to perforation for each sample.
These values are plotted in Figure 2.25.

Figure 2.25

Mass loss comparison (PMMA/UHMWPE)

Mass loss due to perforation presented as a function of impact velocity

Within the PMMA target population, there were some irregularities observed in
the annular region of the damage zone bounded by the inner and outer damage radii (R1
and R2), the midplane of the target, and the impact face. This annular region of the
PMMA targets after being perforated at impact velocities below ~4,500 m/s had no
residual material between the midplane and impact face. All the target material between
the midplane and impact face that was inside the outer damage radii of one of these
targets was ejected as part of the IFDC and/or BFDC. Above this ~4,500 m/s impact
velocity threshold, however, it was observed that some of the material in this annulus
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remained connected to the target (red shaded area in Figure 2.23b). In this image, the
highlighted piece was not ejected from the target during perforation. Some of the targets
retained nearly all the material in the annular region while some had only flakes of
residual material. Mass loss was computed for the PMMA targets both as recovered after
perforation (with any remaining material intact) and after all the material in the annular
region was forcibly removed. The sizes and shapes of the residual pieces of material were
random, so tracking both the modified and unmodified mass loss would illustrate the
influence of this phenomenon on the mass loss trend. The “Modified PMMA” shading in
Figure 2.25 represents the material forcibly removed (post-shot) from the annular region
on the impact face of the targets. The measured PMMA mass loss, with or without
modification, was greater than UHMWPE across the velocity range. However, this is
potentially inconsistent with the predictions of the exit velocity model. The mass ratio, α,
for UHMWPE was lower than that for the PMMA with the same projectile mass.
Recalling from Equation (2.12) that α is defined as the ratio of the projectile mass
(constant) to the mass of the material in the BFDC, this indicates that more mass of
UHMWPE should have been ejected in the BFDCs. One possible explanation is that a
much larger percentage of the total mass loss measured for the PMMA originated from
the flakes of material in the annular region on the impact face that were ejected as part of
the IFDC. This could also be evidence of the limitations of some of the assumptions used
to simplify the exit velocity model. Moving forward, use of a more precise method of
mass measurement for the entire target before and after perforation would eliminate much
of the uncertainty related to this apparent contradiction.
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Target Thickness Effects
High-Speed Image Analysis
To isolate the effects of molecular characteristics on impact behavior, the
influence of macroscale features of the target, such as target thickness, require
investigation. Two 3-shot series of HVIs were performed on two additional thicknesses
of UHMWPE targets. Square samples with dimensions 30.5 mm x 30.5 mm were cut
from stock sheets with thicknesses of 3.18 mm and 1.59 mm. High-speed video was
acquired of the perforations and TEMA software was used to track the back face debris
velocities. Figure 2.26 includes a plot of the exit velocity data with superimposed trend
lines of all three thicknesses of UHMWPE targets tested.

Figure 2.26

Target thickness effects on BFDC velocity (UHMWPE)

The square of back face debris velocity is plotted as a function of the square of impact
velocity for 3 different thicknesses of UHMWPE.
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As expected, the back face debris velocity decreases with increasing thickness
across the velocity range. The slope of each trendline represents the mass ratio, α, for that
thickness of UHMWPE. The target thicknesses were normalized by projectile diameter
and these α values are presented as a function of normalized thickness in Figure 2.27. A
linear least squares fit was superimposed on the data and captures the phenomenological
trend of a linear decrease in α with increasing target thickness. This can be thought of as
thickness efficiency, or the incremental change in thickness of a material required to
incrementally decrease the observed mass ratio. Theoretically, the x-intercept of this
trendline would represent the monolithic thickness of the material required to achieve
α = 0 (no perforation) when subjected to impact by a 4 mm Aluminum sphere at a
velocity in the range of 2-7 km/s.

Figure 2.27

Target thickness effects on mass ratio (UHMWPE)

The mass ratio values for all three thicknesses of UHMWPE are plotted as a function of
thickness (t) normalized by projectile diameter (D), and a linear least squares fit is
superimposed on the data.
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Post-Shot Analysis
Outer damage radius, R2, was observed to increase with increasing thickness of
UHMWPE across the velocity range tested (Figure 2.28). Conversely, R1 was relatively
constant for all three thicknesses (Figure 2.29). A greater R2 is indicative of more volume
of target material incorporated into energy dissipation. Given an impact velocity in the
range 2-7 km/s, the back face debris velocities are lower for the thicker targets. This is
most likely the result of more time of interaction between the projectile and target
allowing delocalization of impact stresses farther outward radially from the AoP.

Figure 2.28

Thickness effects on outer damage radius (UHMWPE)

The outer damage radius is plotted as a function of projectile impact velocity for all three
thicknesses of UHMWPE.
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Figure 2.29

Thickness effects on inner damage radius (UHMWPE)

The inner damage radius is plotted as a function of projectile impact velocity for all three
thicknesses of UHMWPE.

Molecular Weight Effects
High-Speed Image Analysis
UHMWPE has significantly higher molecular weight than HDPE. To observe
how this difference in molecular weight and its distribution affects PE behavior during
hypervelocity perforation, HDPE targets of thicknesses 3.18 mm and 1.59 mm were
subjected to the same type of testing as the UHMWPE. High-speed images were captured
of the perforations and a significant difference in damage morphology was immediately
clear. While all three thickness of UHMWPE demonstrated ejecta in the form of particles
(Figure 2.20), HDPE appeared to melt and form an expanding bubble of fluid-like
material (Figure 2.30). The level of chain entanglement in UHMWPE prevents this type
of melting and flow. Even when subjected to the extremely high strain rates associated
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with hypervelocity perforation, the HDPE chains appear to accommodate the loading and
flow past each other, as they would in a polymer melt. Most likely, the failure mechanism
in the HDPE bubble, where the membrane of the surface of the bubble starts to separate
forming holes, is more consistent with chain pull out than annihilation of primary bonds
along the backbone.

Figure 2.30

High-speed image of HDPE perforation

High-speed image of the hypervelocity perforation of a 3.18 mm thick monolithic plate of
HDPE by a 4 mm diameter Aluminum 2017-T4 sphere with an impact velocity of
6,080 m/s.

Back face debris velocities for the HDPE targets were tracked and are presented
in Figure 2.31 consistent with the previous BFDC velocity analyses. The trendlines for all
three thicknesses of UHMWPE are included in the plot as black lines while the colored
data and trendlines illustrate the response of HDPE. The performance of HDPE relative
to UHMWPE is different for each thickness. Perforation of the 1.59 mm HDPE targets
resulted in back face debris velocities that were higher than the corresponding thickness
of UHMWPE across the velocity range tested. The opposite is true for the two target
populations of 3.18 mm thickness. The change in mass ratio, α, as a function of target
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thickness for HDPE is steeper and approaches zero at smaller normalized thickness than
UHMWPE. This implies that less of an increase in monolithic plate thickness of HDPE is
required to dissipate a given amount of impact energy when compared to UHMWPE. If
the mass ratio trends for both materials are extrapolated to the thickness corresponding to
α = 0 (where the trendline intercepts the x-axis), the phenomenological model predicts
that the thickness of HDPE required to prevent perforation is less than half of that
required of UHMWPE. This relationship between the mass ratio and normalized
thickness for the two materials is evident from the plot in Figure 2.32.

Figure 2.31

Target thickness effects on BFDC velocity (UHMWPE/HDPE)

The square of back face debris velocity plotted as a function of the square of impact
velocity resulting from the hypervelocity perforation of monolithic plates of UHMWPE
and HDPE.
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Figure 2.32

Target thickness effects on mass ratio (UHMWPE/HDPE)

Thickness effects on the mass ratio, α, for both UHMWPE and HDPE are illustrated by
plotting α as a function of target thickness (t) normalized by projectile diameter (D).

Post-Shot Analysis
The values of outer damage radius, R2, measured on the impact face of the HDPE
targets were larger than those measured on the UHMWPE targets of the same thickness
across the velocity range tested (Figure 2.33). This is surprising as the chain
entanglement in UHMWPE has been associated with increased delocalization of impact
stresses relative to HDPE (when subjected to perforation at lower velocities) [44].
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Figure 2.33

Thickness effects on outer damage radius (UHMWPE/HDPE)

Outer damage radius, R2, trends observed during post-shot analysis of HDPE and
UHMWPE targets, presented as a function of projectile impact velocity.

Conclusions
The 2SLGG in the MSU HVI Laboratory was used to subject monolithic plates of
PMMA, UHMWPE, and HDPE to impact by 4 mm diameter Aluminum 2017-T4 spheres
at velocities in the range 2-7 km/s. High-speed images captured during perforation and
post-shot analysis of the targets provided insight into the effects of Tg, target thickness,
and molecular weight on material behavior when subjected to the impacts. The average
ejecta size in the BFDCs resulting from the perforation of PMMA and UHMWPE was
observed to decrease as impact velocity increased. More free surface area appears to be
created in the BFDCs when these materials are perforated at higher impact velocities. At
a given impact velocity in the range tested, the average size of ejecta from UHMWPE
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was larger than that for PMMA. Therefore, more free surface area was created in the
BFDCs from PMMA than observed in UHMWPE of the same thickness.
Hypervelocity perforation of UHMWPE resulted in BFDCs traveling at lower
velocities than those resulting from the PMMA targets of the same thickness. The testing
temperature for these experiments was ~23°C. This means that the UHMWPE was
impacted at a temperature significantly above its quasi-static glass transition temperature
of -120°C, while PMMA was tested well below its Tg of 105°C. Even with some impactinduced glassy behavior [37] in UHMWPE, there was still evidence of a significant
amount of viscous behavior. This was even more obvious in the videos of HVIs to
HDPE. This viscous behavior increased the amount of energy dissipated during
perforation. Dissipation due to viscous effects translates to less energy available to
generate incremental free surface area and eject target material in the BFDCs. Due to the
lack of viscous dissipation in PMMA, the BFDCs were characterized by higher back face
debris velocities and more finely particulated debris. PMMA, an amorphous polymer,
also lacks microstructural stiffness and strength discontinuities that occur at the interface
of crystalline and amorphous regions in a semi-crystalline polymer like PE. It is possible
that these discontinuities divert fractures, similar to the effect of larger grain sizes on
crack propagation in metals. These crystallinity effects coupled with viscous dissipation
are likely the drivers behind the differences in damage morphology and kinetic energy
transferred beyond the targets. Further testing is required to determine the validity of the
exit velocity model as well as the phenomenological model for thickness effects.
In subsequent testing, ballistic gels have demonstrated the ability to capture the
BFDCs resulting from these HVIs, which will allow for the quantification of particle size
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distribution, free surface area created, and the calculation of energy consumed through
this free surface area creation. More precise before and after mass measurements coupled
with the ability to quantify the mass ejected in the BFDC will allow for reasonably
accurate estimates of EDDC. It is critical to perform detailed material characterization like
dynamic mechanical analysis on the target materials. Testing additional thicknesses of all
three materials, coupled with thorough characterization, will offer further insight into the
effects of molecular architecture on energy dissipation during hypervelocity perforation
of these types of materials. Eventually, the ability to accurately forecast energy dissipated
and exit velocity resulting from the perforation of these types of materials will facilitate
optimal laminate designs where each layer of material is contributing to optimal energy
dissipation and de-escalation of the threats posed by HVI and shock.
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CHAPTER III
CONCLUDING REMARKS
Monolithic plates of PMMA, UHMWPE, and HDPE were subjected to impact by
4 mm diameter Aluminum 2017-T4 spheres at velocities in the range 2-7 km/s. Highspeed images captured during perforation and post-shot analysis of the targets provided
insight into the effects of Tg, target thickness, and molecular weight on material behavior
when subjected to the impacts. The average ejecta size in the BFDCs resulting from the
perforation of PMMA and UHMWPE was observed to decrease as impact velocity
increased. At a given impact velocity in the range tested, the average size of ejecta
appeared to be smallest for PMMA, resulting in more free surface area created in the
BFDCs. Perforation of HDPE resulted in fluid-like BFDCs traveling at lower velocities
than those from UHMWPE of the same thickness. This was an indication that more
impact energy was dissipated due to viscous effects in the HDPE than the UHMWPE.
More precise before and after mass measurements coupled the ability to quantify the
mass ejected in the BFDC will allow for reasonably accurate estimates of energy
diverted, dissipated, or converted. It is critical to perform detailed material
characterization like dynamic mechanical analysis on the target materials. Testing
additional thicknesses of all three materials, coupled with thorough characterization, will
offer further insight into the effects of molecular architecture on energy dissipation
during hypervelocity perforation of these types of materials. Ballistic gels have
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demonstrated the ability to capture the BFDCs resulting from these HVIs, which will
allow for the quantification of particle size distribution, free surface area created, and the
calculation of energy consumed through this free surface area creation. Additionally, an
impact test to PMMA with the ballistic gel pressed against the back face resulted in
fractures propagating out radially as much as 50 mm from the AoP. This constituted a
significant increase in delocalization of impact stresses due to the interaction of the target
with the subsequent layer of material.
Optimal laminate designs, where each layer of material is contributing to optimal
energy dissipation and de-escalation of the threats posed by HVI and shock, will require
an iterative design process. This is best approached using computational tools but it is
imperative to first verify the physics of any model with experimental results from impact
to monolithic plates. The next step includes testing and modeling of impact to the same
material and total thickness with different numbers of layers to isolate the effect of
layering. Ignoring contact variability (adhesives, etc.), there should be a balance between
material dissipation of impact energy that increases with layer thickness and structural
flexibility contributing to elastic energy storage which would decrease with increasing
thickness. The perforation of a thin monolithic plate, such as the targets in these
experiments, occurs so quickly when impacted at hypervelocity that the structural
flexibility is expected to contribute very little to ballistic performance. However, in the
event a laminate is able to slow the event down considerably, the time scale of
perturbation becomes sufficient for such phenomenon to become relevant. It is important
then to vary not only the number of layers in a laminate but the laminate thickness as
well. There should be a minimum individual layer thickness that constitutes a threshold
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below which material dissipation is disappearingly small. Conversely, there should be
maximum layer thickness characterized by such rigidity that there is almost no structural
deformation. Future work should seek to answer some of these questions as well as probe
the effects of varying the material properties of each layer.
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